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Introduction
Bovine pulmonary hypertension is associated with arterial hypoxemia, systemic arterial hypotension, and increased central venous pressure 1, 2 . These physiological changes are conducive to tissue ischemia. This may be particularly deleterious to tissues, such as the intestinal mucosa, that must function in low oxygen environments under normal physiological conditions 3 . Impaired intestinal mucosal barrier function may, therefore, be a sequela of rising mean pulmonary arterial pressures in cattle progressing through the confined feeding period of production. If so, mucosal ischemia may promote the translocation of bacteria and toxins across the intestinal wall and into the mesenteric lymph or portal venous circulations. Reduced mucosal barrier function may be a component cause for numerous diseases of feedlot cattle approaching slaughter weight such as liver abscess formation. The goal of this study was, therefore, to evaluate the effect of hypoxiainduced pulmonary hypertension on intestinal mucosal barrier function in a Holstein calf model. We hypothesized that hypoxiainduced pulmonary hypertension would be associated with increased intestinal permeability.
Materials and methods
Overview Six, 2-month old male, intact, clinically healthy Holstein dairy calves were collected from a farm in West Texas. Calves were housed for 2-weeks under normoxic (975 m altitude) or hypoxic (4,570 m altitude) conditions. Pulmonary arterial pressures were measured on Days 0 and 14 of the study. Calves were euthanized on Day 15, and lung tissue was collected for histology. Pulmonary arteriolar remodeling was semi-quantitatively scored. The study was approved by the Texas Tech University Institutional Animal Care and Use Committee (Protocol 16109-12). All efforts were made to ameliorate any suffering experienced by the animals in this study through daily observations and recording of animal health.
Study site, housing, and feed Male, intact Holstein calves were obtained from one commercial dairy farm in West Texas (n = 6). Calves were born and raised on the dairy farm until collection at 2 months of age. The calves were clinically healthy, but the farm calf manager reported a recent outbreak of bloody scours among other calves on the farm. Calves were fed 4 to 5 liters of colostrum within 24 hours of birth and provided with 2.8 L of milk twice per day until weaning at 60 days of age. From 2 weeks of age they were provided with ad libitum access to a pelleted complete ration calf starter (≥ 20% crude protein, dry matter basis).
Calves were weighed on arrival at the Texas Tech University farm (altitude: 975 m) and randomly allocated to one of two pens stratified by body mass (Agri-Plastics, Grassie, ON, Canada). The hypoxic group (n = 3) was housed on a raised slatted floor inside a temperature-controlled chamber (temperature 17 ± 3°C) (dimensions: 1.8 m × 2.3 m). The normoxic control group (n = 3) was housed in a shaded outdoor pen (1.8 m × 3.5 m) with straw bedding on a sloped concrete floor. The pen was moved to a new location every 3 days, and the inside of the pen cleaned was cleaned with a virucidal disinfectant (Virkon S, DuPont, Wilmington, DE). Soiled straw was removed daily and all straw was replaced every 3 days. Maximum and minimum daily temperatures experienced by the control calves during the study ranged from 11 to 30°C and from 5 to 15°C, respectively. After a 5-day acclimation period, the air within the chamber housing the hypoxic group was reduced to 14% oxygen, simulating an altitude of 4,570 m (Day 1 of the study). Calves were provided ad libitum access to water and a pelleted complete ration calf starter (≥ 20% crude protein, dry matter basis).
Two control calves (calves 2 and 3) started shedding occult fecal blood on Day 3; consequently, all calves were treated for coccidiosis over a 5-day period starting on Day 5. Calves were given amprolium in drinking water at a rate of 47 mL per 10 gallons of water, providing approximately 10 mg amprolium per kg body mass at the usual rate of water consumption. Fecal shedding of blood ceased on Day 8 and feces returned to normal color and consistency on Day 9. Calves did not show signs of tenesmus and maintained a normal appetite.
Pulmonary arterial pressure measurement Pulmonary arterial pressure testing was performed on Days 0 and 14. The neck was cleaned with chlorhexidine solution before a 12 gauge, 8.9 cm hypodermic needle was inserted into the jugular vein. Flexible, saline-filled polyethylene catheter tubing (external and internal diameter of 17 and 12 mm, respectively) was then fed through the needle and into the jugular vein. A pressure transducer (TranStar DPT, Smiths Medical ASD, Inc., Dublin, OH) connected the catheter and oscilloscope (BM5Vet, Bionet America, Inc. Tustin, CA, U.S.A.). The change in the pressure waveform that occurred as the catheter tip was advanced through the right atrium, right ventricle, and finally into the pulmonary artery was monitored on the oscilloscope. The jugular vein, right atrium, right ventricle and pulmonary artery have distinct pressure waveforms.
Arterial blood-gas analysis
Arterial blood-gas analyses were performed to verify the hypoxic status of the calves exposed to hypoxic and normoxic conditions. Samples were collected from all calves on Days 0 and 14. Approximately 1 to 3 mL of blood was collected from the auricular artery using a 20 gauge, 2.5 cm hypodermic needle attached to a pre-heparinized 3 mL syringe. Air bubbles were immediately expelled and the first several drops of blood discarded before analysis on a portable analyser (VetScan i-STAT 1, Abaxis, Union City, CA, USA). Blood-gas tensions were adjusted according to rectal temperature.
Intestinal permeability evaluation
Intestinal permeability to the synthetic substances D-Mannitol (100%) (Fisher Scientific, Bridgewater, NJ) and lactulose (99%, Alfa Aesar, Ward Hill, MA) were evaluated twice: on Days 0 and 14.
Poly-vinyl tube (outer diameter 0.64cm) was used as a nasogastric tube to administer the substances dissolved in 60 mL of warm water (15 g lactulose and 5 g mannitol). The calf's head was restrained to one side before the nasogastric tube was inserted into the nostril and advanced caudo-ventrally so that it passed along the ventral meatus, through the nasopharyngeal opening and into the esophagus. The lactulose and mannitol was syringed into the tube. Approximately, 5 mL of air was used to clear all remaining fluid from the nasogastric tube before it was removed. Table 3 ).
Postmortem examination and histology
Calves were euthanized with intravenous pentobarbital sodium (85 mg/kg) on Day 15 of the study. The atria were separated from the ventricles at the atrioventricular junction. The right ventricular free wall (RV) was separated from the left ventricle and septum (LVS). The RV and LVS were individually weighed.
The right diaphragmatic lung lobe was perfused with formalin (10%, neutral buffered) at 15 to 20 cm H 2 O for approximately 5 minutes. After 5 days of formalin fixation, lung sections were collected midway along the dorsal aspect of the lobe for histology. Tissue from the caudate liver lobe was also preserved in formalin (10%). Tissue sections (4 µm) were stained with hematoxylin and eosin. Pulmonary arterioles (< 500 µm) were semi-quantitatively scored for medial hypertrophy and adventitial fibrosis (0 = no lesion; + 1 = mild; + 2 = moderate; + 3 = severe). The liver was evaluated for congestion, hydropic degeneration, lipidosis, and other miscellaneous lesions.
Statistical analyses
Statistical analyses were performed using a commercially available software (Stata version 12.1, College Station, TX). Summary statistics are presented as mean ± SE unless otherwise specified. Between group differences were evaluated using Student's t-test, with equal variances. Student's t-test is a suitable statistical method for small sample sizes (n ≤ 5) even if group sizes are unequal, as long as the effect size is expected to be large 4 . Generalized estimating equations with an exchangeable correlation structure were used to evaluate the effect of hypoxia (hypoxic versus normoxic) on serum levels of lactulose, mannitol, and the lactulose to mannitol ratio. Two-way interactions were evaluated between group and test and between group and time from lactulose and mannitol administration.
Results

Descriptive
On Day 0, calf body masses ranged from 75.0 to 86.4 kg with a median of 76.4 kg. Mean body masses for hypoxic and control calves were 78.9 ± 2.8 kg and 79.2 ± 3.6 kg, respectively (P = 0.95). On Day 14, calf body masses ranged from 82.7 to 94.0 kg with a median of 90.4 kg. By the end of the study, the body mass of all calves had increased (P = 0.01), but the controls (93.1 ± 0.5 kg) were significantly heavier than the hypoxic calves (85.9 ± 1.7 kg) (P = 0.02).
Cardiopulmonary pressures
Controls had greater mean right atrial pressures than hypoxic calves at Day 14 (P = 0.001) but not at Day 0 (P = 0.53) (Table 4 ). There was no difference in mean right ventricular pressures at Day 0 (P = 0.81) or Day 14 (P = 0.30). Control calves tended to have greater mean pulmonary arterial pressures than hypoxic calves on Day 0 (P = 0.17) but there was no difference between groups on Day 14 (P = 0.47). On average, mean pulmonary arterial pressure increased by 16 mm Hg (± 2 mm Hg) from Day 0 to 14 (P < 0.001).
Arterial blood-gas
Arterial pCO 2 did not differ between control and hypoxic calves on Day 0 (P = 0.99) or Day 14 (P = 0.71) of the study (Table 5) . Arterial pO 2 did not differ between control and hypoxic calves on Day 0 (P = 0.99), but pO 2 was significantly lower in hypoxic calves than controls on Day 14 (P = 0.005).
Pathology
The ratio of right ventricular mass to total ventricular mass was greater in hypoxic calves than controls indicating greater work 
Intestinal permeability
Control calves had greater intestinal permeability to mannitol than the hypoxic calves on Day 0 but had similar intestinal permeability at Day 14 (Figure 3 ). Control calves tended to have greater permeability to lactulose than hypoxic calves throughout the study. Serum lactulose levels were 0.8 ± 0.4 mg/L greater in the control group than the hypoxic group (P = 0.08). Serum lactulose levels decreased 1.0 ± 0.4 mg/L from Day 0 to Day 14 (P = 0.02). Serum lactulose levels did not significantly vary among sampling time points (P = 0.29).
hypertrophy (P = 0.04). Both hypoxic and control calves showed histologic lesions of mild (1+) to moderate (2+) medial hypertrophy of the pulmonary arterioles and zero to moderate adventitial fibrosis (Table 6 ). Two control calves (calves 2 and 3) had gross and histologic lesions consistent with interstitial pneumonia: heavy, wet lungs that failed to collapse (Figure 1 ) and diffuse alveolar damage (Figure 2) . One hypoxic calf (calf 4) had extensive (3+) bronchial associated lymphoid tissue (BALT) and two control calves (calves 1 and 3) had moderate (2+) BALT proliferation. In all cases the BALT was only found around large bronchioles.
All calves showed histologic evidence of hepatic congestion, which primarily affected hepatic lobule zones 1 and 2. Two Serum mannitol levels were 2.0 ± 0.8 mg/L greater in control calves relative to hypoxic calves on Day 0 (P = 0.009). There was a significant interaction between group and Day (P = 0.04). Serum mannitol decreased by 1.4 ± 0.6 mg/L in control calves from Day 0 to Day 14 (P = 0.01), but there was no change in serum mannitol in the hypoxic calves (P = 0.76). There was no difference in serum mannitol between groups at Day 14 (P = 0.61).
Mannitol levels tended to decrease by 0.2 ± 0.1 mg/L per hour from administration (P = 0.09).
The serum lactulose to mannitol ratio decreased by 2.7 ± 1.1 from Day 0 to 14 in the hypoxic group (P = 0.01) but there was no change in the ratio between Days 0 and 14 in the control group (P = 0.85). Calves in the hypoxic group had a ratio that was 2.8 ± 0.9 mg/L greater than the control calves on Day 0 (P = 0.003).
There was a tendency for an interaction between group and Day (P = 0.10). The ratio did not significantly vary among over time from administration (P = 0.86).
Discussion
The findings of this study provide preliminary evidence that intestinal inflammation may be associated with pulmonary disease in cattle. Unfortunately, we were unable to test our proposed hypothesis because control calves developed bloody scours. Because of this unforeseen event, however, the findings are all the more notable. The control calves showed a similar increase in mean pulmonary arterial pressure as the calves housed under hypoxic conditions, but they had significantly greater arterial oxygen tensions indicating that the increase in mean pulmonary arterial pressure was not attributable to hypoxia-induced pulmonary hypertension. Furthermore, the two calves that developed bloody scours had gross and microscopic pathology consistent with diffuse alveolar damage, the histologic counterpart of acute lung injury. In concert, these findings provide preliminary evidence that intestinal inflammation may contribute to the development of pulmonary disease in cattle.
Given the small study size, our findings are not robustly supported by statistical analyses. There is, however, considerable supporting evidence for an inter-relationship between the pulmonary and gastrointestinal systems. This is to be expected given that the pulmonary and gastrointestinal systems share a common embryonic origin: the lungs evolved as an outgrowth from the primitive gut. In one study of feedlot cattle, the incidence of acute interstitial pneumonia (AIP) was reported to be 70% greater in pens in which at least one animal had died from a digestive disorder than pens in which digestive disorder death loss did not occur 5 . There is also accumulating evidence that dietary intervention with probiotics may have a favorable effect on the incidence and recovery of cattle from respiratory diseases 6,7 . Evidence for a link between inflammatory diseases in the respiratory and gastrointestinal systems in humans is also mounting 8 . Crohn's Disease sufferers, for example, are approximately 3-times more likely to die from chronic obstructive pulmonary disease (COPD) than none sufferers 9,10 . It is plausible that inflammatory mediators released into the circulation by inflamed bowel mucosa triggers a secondary inflammatory event within the lung 11 .
Inflammatory mediators likely contributed to the rise in mean pulmonary arterial pressure in the control calves through either a direct effect of the pulmonary vasculature or indirectly by inducing diffuse alveolar damage. Alveolar hypoxia was unlikely the primary because arterial oxygen tensions were significantly greater in the controls than the calves housed under hypoxic conditions. Gut-derived gram-negative sepsis likely contributed to the development of pulmonary hypertension in the control calves in our study. Intravenous injection of calves with endotoxin was reported to increase pulmonary arterial resistance and pressure mediated, in part, by prostaglandin F 12-15 . Most notably, calves with large pressor responses had increased pulmonary arterial wedge pressures, which may have reflected pulmonary venous hypertension and interstitial edema formation 14 . Furthermore, pulmonary edema was observed on gross and histological examination of calves given heat killed Pseudomonas aeruginosa organisms 14 or endotoxin 15 . Similarly, studies of broiler chickens intravenously 16 or intratracheally 17 injected with lipopolysaccharide (LPS) reported a significant but short-lived increase in mean pulmonary arterial pressure. In humans, pulmonary hypertension is commonly reported in association with acute lung injury; however, it is unknown if the hypertension is merely a consequence of increased arterial resistance secondary to diffuse alveolar damage, if the increased arterial pressure contributes to the development of alveolar damage, or if they share a common etiology 18 .
The etiologic agent of the bloody scours was not investigated in our study, but we believe that it was most likely attributable to coccidiosis due to the age of the calves, the positive response to treatment, and the potential for parasite accumulation in the straw bedding. Given that the calves were not housed under identical conditions there are other potential confounding factors, such as environmental temperature and straw bedding that need to be considered; however, other than the development of bloody scours, there is no evidence, to our knowledge, that any of these factors could have contributed to the findings of this study.
In conclusion, we report the development of pulmonary arterial hypertension and diffuse alveolar damage in 2-month old Holstein calves following an acute episode of bloody scours at an altitude of 975 m. The findings of this study provide preliminary evidence that inflammatory gastrointestinal-pulmonary cross-talk may contribute to pulmonary arterial remodeling and hypertension in cattle.
Data availability
The Two groups of 3 calves were maintained under either normoxic or hypoxic conditions. The goal was to determine if hypoxia-induced pulmonary hypertension would be associated with increased intestinal permeability. After 14 days the hypoxia calves had reduced arterial pO and elevated pulmonary arterial pressure, but not increased intestinal permeability. During the study 2 of the normoxic calves developed "bloody scours" which compromised their use as controls for intestinal permeability.
Evaluation of the data from the normoxic control calves provided preliminary evidence that intestinal inflammation may contribute to the development pulmonary diseases. The pulmonary disease is assumed to be manifested as elevated pulmonary arterial pressure, diffuse alveolar damage, and pulmonary vascular remodeling (medial hypertrophy and adventitial hyperplasia). The data supporting the pulmonary arterial pressure change seems clear. However, the evidence for diffuse alveolar damage and pulmonary vascular remodeling is less clear. The gross image of the lung of calf 2 does have the features consistent with interstitial pneumonia. But evidence of diffuse alveolar damage is equivocal in the microscopic images provided. Thickening of alveolar walls and hyaline membranes are not present. Changes indicative of pulmonary vascular remodeling are also equivocal. The basis of this discrepancy is unclear but may be due to variations in sampling locations. With regards to the fixation of lung tissue, the route of the fixative perfusion should be indicated.
Evidence for intestinal inflammation seems to be based solely on the observation of bloody scours, a term used in the title of the paper. This implies grossly evident blood in the feces. As stated in the methods, the first indication of the intestinal problem was the presence of occult blood. Were the investigators testing for occult blood on a regular basis? Later, after the initiation of treatment, it is stated that fecal shedding of blood stopped and the feces returned to normal color and consistency. How frequently was there overt blood in the feces? How severe was the diarrhea. The intestinal disease was assumed to be coccidiosis. Other diagnostic tests and histopathology on the intestine would have been helpful in assessing the nature of the inflammation.
It seems to me that it would be beneficial to emphasize the original goal of this study, ie to test the hypothesis that hypoxia-induced pulmonary hypertension would be associated with increased intestinal permeability. There is good evidence that this prediction failed. The intestinal permeability was unaltered even though the calves had decreased pO and increased pulmonary arterial pressure. The rejection of the hypothesis appears to be valid even though the controls were compromised. They were not needed.
The present title of the paper directs attention to an ad hoc aspect of the study. Since the bloody scours in 2 2 investigation. There is not evidence in the manuscript that any attempts to identify the etiologic agent or agents involved with the bloody scours cases. Coccidiosis should be considered a presumptive diagnosis rather than confirmed.
